Nanocrystalline diamond deposited on tungsten carbidecobalt substrates using hot filament chemical vapour deposition technique by Yong, Tze Mi
NANOCRYSTALLINE DIAMOND DEPOSITED ON TUNGSTEN CARBIDE- 
COBALT SUBSTRATES USING HOT FILAMENT CHEMICAL VAPOUR
DEPOSITION TECHNIQUE
YONG TZE MI
A thesis submitted in fulfilment of the 
requirements for the award of the degree of 
Doctor of Philosophy (Mechanical Engineering)
Faculty of Mechanical Engineering 
Universiti Teknologi Malaysia
OCTOBER 2015
iii
iv
ACKNOWLEDGEMENT
I would like to express my heart felt gratitude to my project supervisor Prof. Dr. 
Esah Hamzah for all the guidance, encouragement, and for not giving up on me all the 
way towards the accomplishment of this project. I would also like to thank my co­
supervisor, Dr. Muhamad Azizi Mat Yajid for his guidance and patience.
I would also like to acknowledge the Malaysian Ministry of Higher Education 
(MOHE) and Universiti Teknologi Malaysia for providing the financial support and 
facilities for this research, under the Fundamental Research Grant Scheme (FRGS) 
Grant No.RJ13000078243F607.
Special thanks to all staff, faculty members and technicians of the Faculty of 
Mechanical Engineering, Universiti Teknologi Malaysia.
Finally, most importantly, my never failing family and love ones.
Thank you all, because of all of you, there is this.
vABSTRACT
Diamond coatings on cutting tools provide the advantages of the properties of 
diamond in terms of high hardness, excellent wear resistance, and general chemical 
inertness. The main limitations of diamond coating are coating adhesion problems, high 
surface roughness and low production rate due to the use of coating equipment with 
small chamber. There is also a need to have a better understanding on the growth 
mechanism of diamond coatings on tungsten carbide with cobalt binder (WC-Co). Thus 
the motivation for this work is to obtain low surface roughness of diamond coatings 
while achieving good adhesion to substrates through the use of large chamber hot 
filament chemical vapour deposition (HFCVD) method. In this research, 
nanocrystalline diamond (NCD) coatings were deposited on WC-Co substrates using the 
HFCVD method. WC-Co was selected because it is used widely in the current tooling 
market. The cutting method was varied between precision cutting and electrical 
discharge machining EDM (Wire-Cut). It was found that precision cutting produce 
generally planar substrates and was the preferred method of cutting. To achieve good 
adhesion between the diamond coating and WC-Co substrates, the WC-Co substrates 
were pretreated before being deposited with diamond and some of these pretreatments 
parameters were varied. It was found that 20 minutes of Murakami agent treatment, 45­
60 seconds of acid etching and <0.25 ^m natural diamond seeding in ultrasonic bath 
were the best pretreatment method. The substrates were then deposited with diamond 
in the HFCVD chamber. Four batches of deposition were ran namely batch A, B, C and 
D. The overall results show that the deposited diamonds were nanocrystalline in size 
with cauliflower or ballas NCD morphology with various crystallite arrangements. 
Batch A produced generally four different types of morphologies. Type 1 was planar 
diamond coating morphology attributed to precision cutting effects. Type 2 was planar 
diamond coating morphology with micro features attributed to rough bench grinding. 
Type 4 was the extension of type 3 where EDM cut produced about a third tier 
morphology separating islands of diamond ballas aggregates. Three-tier ballas 
morphology improves the adhesion property where boundaries hinder failure path of the 
diamond coating. Batch B produced an obvious microcrystalline diamond layer under 
the NCD layer. Batch C produced a single layer of very thin NCD layer of only 1.7 
microns. Batch D produced a layer NCD coating of about 4 microns thick by changing 
oxygen pulsing rate and time. X-ray diffraction (XRD) and grazing XRD showed that 
the diamond layer was in compression. Raman Spectrometer identified the presence of 
NCD. Atomic force microscope (AFM) showed the ultra-low roughness of the diamond 
coatings with <200 nm. Nanoindentation revealed that the NCD coating has high 
hardness of 10-60 GPa and reduced modulus of 40 -  300 GPa. The adhesion strength is 
good as indicated from the indentation test. Electron microscopy results showed the 
ballas consist of elongated radial grains in accordance to the thickness of the NCD 
coating. Further magnifications revealed diamond twins that contributed to the 
properties and nano size of diamond crystallites. Transmission electron microscopy 
analyses also indicate that the NCD nucleated and grew on the tungsten carbide (100) 
planes in the (1 1 1 ) direction, forming (111) planes.
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ABSTRAK
Salutan intan ke atas alat pemotong memberikan kelebihan sifat intan dari aspek 
kekerasan tinggi, rintangan haus yang sangat baik dan kelengaian kimia umum. Had utama 
salutan intan adalah masalah lekatan dengan substrat, kekasaran permukaan yang tinggi dan 
kadar pengeluaran yang rendah disebabkan oleh penggunaan peralatan salutan berkebuk 
kecil. Terdapat juga keperluan untuk memahami mekanisma pertumbuhan salutan intan ke 
atas substrat tungsten karbida dengan pengikat kobalt (WC-Co). Oleh itu motivasi untuk 
menjalankan kerja ini adalah untuk menghasilkan salutan intan berkekasaran rendah dengan 
kekuatan lekatan kepada substrat yang baik menggunakan alat pengendapan wap kimia 
filamen panas (HFCVD) berkebuk besar. Dalam kajian ini, salutan intan nanokristal (NCD) 
telah diendapkan ke atas substrat WC-Co menggunakan kaedah HFCVD. WC-Co dipilih 
kerana ianya diguna secara meluas dalam pasaran alat pemotong semasa. Substrat dipotong 
dengan kaedah pemotongan persis atau kaedah pemotongan nyah-cas elektrik (EDM) 
(wayar). Didapati pemotongan persis menghasilkan substrat yang rata dan dipilih sebagai 
kaedah pemotongan yang lebih sesuai. Untuk mendapatkan lekatan yang baik, substrat WC- 
Co telah dipra-rawat sebelum intan diendap dan parameter pra-rawatan dipelbagaikan. 
Didapati bahawa dengan rawatan Murakami ejen selama 20 minit, punaran asid selama 45­
60 saat dan pembenihan dengan intan semulajadi bersaiz <0.25^m di dalam mandian 
ultrasonik adalah kaedah pra-rawatan terbaik. Selepas itu intan diendapkan ke atas substrat 
di dalam kebuk HFCVD. Sebanyak empat kelompok endapan telah dijalankan dan 
dinamakan kelompok A, B, C dan D. Keputusan secara keseluruhan menunjukkan bahawa 
intan yang diendapkan bersaiz nano dengan morfologi kubis bunga atau Aa//as NCD dengan 
pelbagai susunan kristalit. Kelompok A menghasilkan empat jenis morfologi. Jenis 1 adalah 
lapisan intan bermorfologi rata disebabkan oleh kesan pemotongan persis. Jenis 2 adalah 
seperti jenis 1 tetapi berciri mikro disebabkan oleh kesan kisaran kasar daripada pengisar 
meja. Jenis 4 yang merupakan lanjutan morfologi jenis 3 yang dihasilkan oleh kesan 
pemotongan EDM. Potongan EDM ini menghasilkan morfologi berperingkat tiga yang 
melibatkan pemisahan agregat-agregat Aa//as. Morphologi ini membaiki sifat lekatan 
dengan cara memberhentikan kemajuan laluan kegagalan di sempadan agregat Aa//as. 
Kelompok B menghasilkan lapisan intan mikrokristal di bawah lapisan NCD. Kelompok C 
menghasilkan lapisan tunggal NCD yang sangat nipis iaitu hanya 1.7 ^m. Kelompok D 
menghasilkan lapisan salutan NCD yang tebalnya lebih kurang 4 mikron dengan 
memendekkan masa pengendapan dan menukar kadar denyutan dan masa oksigen. 
Pembelauan sinar-X (XRD) dan XRD geseran menunjukkan lapisan intan dalam keadaan 
mampatan. Spektrometer Raman mengenalpasti kehadiran NCD. Mikroskop daya atom 
menunjukkan kekasaran permukaan yang teramat rendah, ^ a  <200nm. Pelekuk nano 
menunjukkan salutan intan mempuyai kekerasan yang sangat tinggi, 10-60 GPa dan 
modulus terkurang 40 -  300 GPa. Kekuatan lekatan adalah baik sebagaimana ditunjukkan 
oleh ujian lekukan. Keputusan mikroskopi elektron menunjukkan intan bermorfologi Aa//as 
terdiri daripada bijian jejari memanjang selari dengan ketebalan salutan NCD. Pembesaran 
seterusnya mendedahkan kembar intan yang menyumbang kepada sifat dan saiz nano 
kristalit intan. Analisis mikroskop elektron transmisi juga menunjukkan bahawa intan NCD 
tumbuh dan membesar ke atas satah (100) tungsten karbida pada arah <111> dan 
membentuk satah (111).
